We report a discovery of a chemically and isotopically unique material distributed ubiquitously in fine-grained matrix of a primitive carbonaceous chondrite Acfer 094. The observations were made in situ using a novel high precision imaging technique adopted directimaging method. The material is extremely enriched in heavy oxygen isotopes of 17 O and 18 O of +18% relative to the Earth's ocean while previously reported variation of oxygen isotopes is as large as a range from -8% to 0%. Based on the unique chemical composition of the material, the abundance of the material in the meteorite matrix is calculated to be 9420 () ppm by volume using elemental mapping with a 7 m 2 spatial resolution by FE-SEM-EDS on the meteorite thin section. The average size of identified materials is 5x5x5 µm 3 . Therefore, isotope imaging capability over 500 x 500µm 2 area with micron resolution and an isotopic ratio precision of 1 percent is required to investigate about the presence of such material.
Introduction
Isotopes are useful tracer to determine origin and circulation of elements in nature. In order to distinguish material with different origin, isotope ratio imaging has become increasingly critical in cosmo-and geo-chemistry.
Isotope imaging is achieved by rasterscanning and direct-imaging methods. The direct-imaging method uses stigmatic ion optics to transfer the sputtered ions from sample surface to two-dimensional iondetector installed at the image plane of the optics with positional relationship. The spatial resolution of direct-imaging method is determined by the ion optics, whereas the raster-scanning method is limited by probe size. Therefore, direct-imaging method can increase probe intensity to increase the precision and shorten the measurement time without degradation of spatial resolution if the 2D detector has sufficient capability. Abundances of isotopes in natural materials are distributed over ranges of 6 orders of magnitude and their isotopic ratios are usually fluctuating less than percent order. In order to satisfy these conditions, a Stacked CMOS-type Active Pixel Sensor (SCAPS) has been proposed [1] . The SCAPS has high advantages over conventional systems including twodimensional detection, wide dynamic range, no insensitive period, direct detection of charged particles, a high degree of robustness, and high fill factor [2] . High precision isotope ratio imaging of microscale under high mass resolution (isotopography) has been realized by the combination of a stigmatic secondary ion mass spectrometry (SIMS) instruments (e.g., Cameca ims-1270) and SCAPS [1] . Here we demonstrate the ability of isotopography with chemically and isotopically unique material discovered in meteorite [3] .
Experimental
Acfer 094 chondrite is the most primitive carbonaceous chondrite that shows no evidence of thermal alteration and minimal evidence of aqueous alteration [4] . The matrix of Acfer 094 contains the highest content of presolar silicate grains among meteorites [5, 6] . Therefore, a polished thin section with carbon coating (30 nm depth) of an Acfer 094 chondrite was prepared for this study.
Oxygen isotopic ratios in meteorites follow not only by mass-dependent isotope fractionation law, but also by large massindependent isotope fractionation (MIF) keeping nearly constant 17 O/ 18 O ratio. The observed MIF for oxygen is as large as a range of -80‰ < 
17,18
O SMOW < 0‰ where
, i =17 or 18 and SMOW is the standard mean ocean water [7, 8] .
A Hokudai isotope microscope system [1] (Cameca ims-1270 + SCAPS) has been used for isotopography in the Acfer 094 matrix. A static Cs + primary beam of 20 keV has homogeneously irradiated the sample surface over ~80 µm in diameter with a beam current of ~0.3 nA (Fig. 1) . An image processing method of moving average with 3 x 3 pixels was applied to Fig. 1 to reduce the statistical error due to small ion integration of 17 O and 18 O. As a result, the spatial resolution is 0.6 µm, and the statistical error on the 0.6 x 0.6 µm 2 pixel is ±25‰ () for 
17
O and ±10‰ () for  18 O. Other analytical procedures were described in detail elsewhere [1, 9] . A conventional point SIMS analysis has been also applied to determine oxygen isotopic compositions using the Cameca ims-1270. An oval-shaped Cs + ion microprobe (2.0 x 1.3 µm 2 ) with 20 keV impact energy was used. 
O
-were measured by an electron multiplier. Terrestrial magnetite and olivine standards were used to normalize secondary ion-ratios to the O-values. Other analytical procedures were described in detail elsewhere [10] .
The chemical compositions have been determined by electron probe microanalysis using an energy dispersive X-ray spectrometer (EDS, Oxford INCA Energy) attached on a field-emission type scanning electron microscope (FE-SEM, JEOL JSM-7000F).
Results and discussion
The typical composition of the chemically unique material may be represented as Fe: 61.6 wt%, Ni: 5.4, O: 19.3, S: 9.6, Mg: 0.1, and Si: 0.2. Other elements detected are below 0.1 wt%. These elements distribute homogeneously within a grain as well as among different grains. Because a mineral having this composition seems to have never been reported, more detail characterization is necessary to identify the phase. Following traditional nomenclature for unidentified phases of cosmochemistry, we label these materials as new poorly characterized phase (new-PCP) because conventional PCPs or tochilinite observed in aqueously altered carbonaceous chondrites consist of those elements [11, 12] but O/S atom ratios are about 4 times larger in new-PCP than in tochilinite.
Ten new-PCP grains from Acfer 094 were analyzed by isotopography and one of them was analyzed by point SIMS. Amoeboid olivine aggregates (AOA) which reported as 16 O-rich material [13] and matrix were also analyzed for reference. Isotopographs show that the new-PCP is significantly enriched in 17 O and
18
O relative to the matrix (Fig. 1) . The matrix and AOAs are plotted in the range of the conventional variations (Fig. 2) . On the other hand, the new-PCP is extremely enriched in 17 O and 18 O up to +180‰ and plotted on an extrapolation of the well-known carbonaceous chondrite anhydrous mineral (CCAM) [14] or slope-1 line [15] established by meteorite constituents (Fig. 2) .
Based on the unique chemical composition of new-PCP, we have counted the new-PCP grains in a total 11mm 2 area of an Acfer 094 thin section under 7 m 2 -resolution. We found 22 new-PCP grains in the area. The grains scattered randomly in matrix in the area. The average size of identified new-PCP is 5x5x5 µm 3 . The abundance of new-PCP in the matrix is calculated to be 9420 () ppm by volume and 3.30.7() mm -2 for grain density in the matrix. Because the numbers of the new-PCP grains increase exponentially with decreasing size toward the resolution-limit, this estimate must represent the lower limit of its abundance. Therefore, isotope imaging totally 500µm x 500µm area with micron resolution and an isotopic ratio precision of 1 percent would have been needed to discover a new-PCP grain when we do not know the existence of such material.
The mass-independent fractionation of oxygen isotopes in our Solar System is generally considered to have resulted from mixing of two isotopically distinct nebular reservoirs - 16 [16] . The enrichment factor of the water estimated to be comparable to that of the new-PCP. Therefore, new-PCP would be formed in the water ice enriched environment in the early solar system. The oxygen isotopic composition of new-PCP would be a proxy of nebular water ice.
Summary
A chemically and isotopically anomalous material was discovered from meteorite using a novel in situ high precision isotope imaging method. The abundance and the degree of isotopic anomaly show that the discovery of this new material required an isotope imaging instrument of percent order precision and micron resolution as we applied. The discovery of new-PCP is one of the successful applications that demonstrate the capabilities of isotopography.
